The aim of this bibliometric analysis is to review the status and research evolution on the analysis of polybrominated diphenyl ethers (PBDEs) on biological and environmental matrices from January 1992 to February 2018 in the Web of Science focusing on original articles and reviews. One thousand four hundred and eighty two articles were found in the databases of the Web of Science on the analysis of PBDEs. Quantitative and qualitative parameters (countries, number of articles, frequency, average article citations and total average citations) were used to analyse each article and ranking of countries based on productivity, authors and article citation. Complementary analysis based on keywords was also done. The last decade experienced an increase in the analysis of this pollutant with the year 2012 recording the highest number of published articles (n ¼ 137). High rate of collaboration with a very rich research network exists amongst institutions in Asian, European and America countries. China and USA are ranked 1 st and 2 nd on countries based on productivity, publishing 30% 
Introduction
Over the years, the increase of research activities in the various institutions in the world has led to an increase in investment from various funding agencies in many countries most especially the People's Republic of China and the USA (Cañas-(EU) banned the use of Deca-BDE formulates in electrical appliances in 2008 (European Court of Justice, 2008) .
Various studies have been carried out on the analysis of this pollutant in different environmental matrices in different regions of the world and most of these studies have been published in peer review journals. However, to the best of our knowledge, there is paucity of data on bibliometric analysis of this pollutant class and organic contaminants in general. Also, because these pollutants have been widely studied, there is a need for its bibliometric compilation. The principal objectives of this study are to carry out a global analysis of the research activities on PBDEs from January 1992 to February 2018 from research articles available for downloads in the databases of WoS, studying the research progression in the previous year's using bibliometric analyses techniques. In order to achieve this, various quantitative parameters were used to clearly analyse these data. These include number of publications, most productive researchers, international collaboration, most frequent cited manuscripts, most productive countries and affiliations, total citations per country, most relevant sources, most relevant keywords, and most cited authors. Furthermore, in this article, special attention was paid to scientific journals which published articles on the analysis of these pollutants and their relationship with the most productive countries.
Materials and methods
Published studies on polybrominated diphenyl ethers (PBDEs) were retrieved from the WoS database on February 5, 2018. The WoS hosted reliable and comprehensive high-impact scientific studies (Zyoud et al., 2017) . We used the key term "polybrominated diphenyl ethers" as identifier of studies published between January 1 1992 and February 1, 2018, using title-specific search to improve recovery and specificity.
A title-specific search has merit of significant recovery, minimal loss of sensitivity and specificity over a topic search (Aleixandre et al., 2015; Sweileh et al., 2016; Zyoud et al., 2017) . The search results were further streamlined to original articles and reviews excluding all other document types such as meeting abstract, letters and proceeding paper. These two parameters were selected because they are generally considered as an original contribution to science (Moed, 2002) . This was done by selecting "Articles" and "Review" in the side bar tools of the WoS database (Moed, 2002; Bliziotis et al., 2005; Falagas et al., 2006; Cañas-Guerrero et al., 2013) . Two persons retrieved and review the articles selected separately based on the criteria aforementioned. All documents were harmonized and agreed upon by the two reviewers for inclusion in the study. Articles that primarily deal with studies on biological and environmental matrices such as water, sediments, soil, human fluid (milk, blood, urine etc.) placenta, air as well as fluid and tissues of aquatic, marine and terrestrial organisms etc., were downloaded in the bibtex file format for the analysis. Retrieved data were analysed for bibliometric (descriptive) statistics, yearly number of publications, countries outputs, journal sources, collaboration networks, and other citation metrics using Rstudio v.3.4.1 software (2017-06-30 ) with bibliometrix R-package (http://www.bibliometrix.org) (Aria and Cuccurullo, 2017) . Bibliometric networks and bibliographic coupling including author, author keyword, citation, co-citation, collaboration, country, co-word analysis, keyword plus networks, and keyword co-occurrences were visualized with the bibliometrix r-package. Other bibliometric indicators such as affiliation were determined using WoS analytic tools. Journal impact factor (IF) was determined using Journal Citation Report (https://jcr.incites.thomsonreuters.com).
Results and discussion

International evolution of pollutant class e PBDEs
With the objective of ascertaining the international evolution of this class of pollutants, a broad range of study was carried out. A total of 1482 original articles and reviews were published on the class of pollutants. Production of articles was stable in the first years of this study (1991e1996) with a slight increase in 1997 and 1999. A articles published on the WoS on this pollutant class may indicate that fewer studies have been conducted on this pollutant class during the 'post-ban era'.
The penta-and octa-formulate of this pollutant class was banned in some states in the US in the early 2000s (Abbasi et al., 2015) , while the European Union banned the use of mixtures and formulations consisting of more than 0.1% (Abbasi et al., 2015) . Voluntarily, some U.S manufacturing industries phased out the production of these chemicals due to the potential health threat posed by these chemicals (Gewurtz et al., 2011; Ma et al., 2013b; Route et al., 2014 (Verreault et al., 2005) , foxes and birds of prey as well as animals at the bottom the food chain (Voorspoels et al., 2006; Chen et al., 2007) . It can also be traced to breast milk (Zhu et al., 2009; Park et al., 2011) . Even though it is not immediately toxic, it has the potential to have a long-term adverse effect on foetal development (Li et al., 2014; Lopez-Espinosa et al., 2015) . On this account, it was classified to be more toxic than penta-and octa-BDE which have already been banned (Ji et al., 2017) . Gewurtz et al., 2011; Chen et al., 2012; Abbasi et al., 2015) . In spite of the ban in production and usage of PBDEs in various regions of the world, these pollutant class are still detected in various environmental matrices around the world. Levels have been detected in several food products, aquatic and terrestrial animals (Boon et al., 2002; Voorspoels et al., 2007; Mariussen et al., 2008; Yu et al., 2011; Ma et al., 2013a) . Bioaccumulation of PBDEs occurs in the soil and this contaminant shows potential of being bio-magnified (Zou et al., 2007; Kelly et al., 2008; Liang et al., 2010) . Reports have shown that these pollutant class and other brominated flame retardants originated majorly from Asia (Suzuki et al., 2006) , North America (Batterman et al., 2009 ) as well as Europe (Mandalakis et al., 2008) . Levels of PBDEs in Europe has been found to be lower than those from America (Sj€ odin et al., 2003) . Studies have highlighted that the occurrence of PBDEs in Africa are scanty (Odusanya et al., 2009; Olukunle et al., 2012; Daso et al., 2015) .
It is also significant to study the collaboration index in addition to the number of single authors and multiple-authored articles. These data might help to provide valuable information on the scope and consequences of this class of pollutants. The International collaboration index, which represent the number of authorship per articles was 2.73. This indicates that the average number of authors who authorized the articles is approximately 3, which means that there is a high trend of co-authorship (Siamaki et al., 2014) . The average citation per article which was 35.7 shows that the distribution of citations to both individual researchers and journal articles are positively skewed (Allison and Stewart, 1974; Price, 1976; Bott and Hargens, 1991) .
A total of 4005 authors was observed in all the published articles with 3990 of them written by multiple authors while the remaining 15 were single-authored articles.
The average articles per authors and authors per article were 0.37 and 2.7 respectively (Table 1) . 
Global evolution of the most valuable research topic on PBDEs
Statistical analysis of keyword gives an advantage in the search for discovering the path of science (Zhang et al., 2010) . The use of author keywords provides information on the research trends of a particular study as viewed by the researcher. Bibliometric analysis as regards to author keywords can only be found in recent times (Chiu and Ho, 2007) and the usage of author keywords to analyse research trend is still less frequent (Ho, 2007) . In this study, keywords plus were used to substantially augment for author keywords. These are additional terms that are frequently seen in the title of the article reference's but do not show up in the title of the article itself. Based on analysis of the keywords associated with PBDEs' class of pollutants, we understand that various organic pollutants like PCBs, OCPs have been analysed together with these pollutants of interest in different environmental matrices when searching the databases of the WoS. To have a broad understanding and collection of keywords, we studied the frequency of the keywords polybrominated diphenyl ethers, PBDEs, polybrominated diphenyl ethers (PBDEs) and PBDE and its associates. Keywords that focused on the evaluation and investigation of PBDEs on sediments, fish, soil, breast milk, e-waste and dust had a percentage occurrence of 3.37%, 3.24%, 2.43%, 2.23%, 1.96% and 1.82% respectively. "China" which ranked 1 st on countries based on productivity appeared on the 17 th position occurring in 30
articles. Other keywords that made the top 20 include flame retardants (3.71%), PCBs (3.58%), exposure (2.77%) amongst others. The analysis of keywords-plus revealed that brominated flame retardants were ranked 1st with a percentage occurrence of 56.72% (n ¼ 841) while POPs was well represented in the top 20 with polychlorinated-biphenyl, dibenzo-p-dioxin and organochlorine pesticides occupying the 2 nd (n ¼ 438), 13 th (n ¼ 116) and 15 th (n ¼ 108) respectively (Fig. 4) .
This indicates the interrelationship between these pollutants and other organic contaminants (Table 2) . 
Countries based productivity and citations on PBDEs
In studying the countries that were most productive in analysing PBDEs class of pollutants in biological and environmental matrices between 1992 and 2018, quantitative and qualitative parameters (countries, number of articles, frequency, average article citations and total average citations) were used. Table 3 shows that 20 countries were most productive in studying the pollutants accounting for over 90% of the published articles. It is worth noting that the Asia, European and America countries dominated the 20 most productive countries on the analysis of PBDEs. This might be attributed to economic advancement, availability of funds, the presence of sophisticated analytical tools and international collaboration within developed countries.
The only African country that was present in this category was South Africa, occu- The People's Republic of China was ranked first on countries based on productivity with a total of 445 published articles, accounting for 30% of the total articles published as shown in Table 3 . While USA and Canada were ranked second and third with 321 (21.7%) and 105 (7.1%) articles respectively. The position of the People's
Republic of China specifically in the number one position may be ascribed to their huge spending on research and development (R&D) and their enthusiasm on scientific knowledge in industries which makes them responsible for 20% expenditure on R&D globally (Veugelers, 2017) . Denmark and France were tied on the 15 th position with 18 articles publications. Countries lagging far behind in the top 20 are Netherland and Greece occupying the 19th and 20th position with 14 and 11 articles respectively. Publication frequency among countries was within the range of 0.01e0.30.
Other parameters of good quality observed in Table 3 are the total citations (T C ) and average article citations (A AC ) (grouped as total citation per country T C/C ). In the first of these, USA was ranked first with a total citation of 14784 recording an average article citation of 46.06, while the People's Republic of China occupied the second position with a total citation of 10822 (A AC 24.32). The dominance of China and USA, exchanging the first and second position in the category of 'M PA ' and 'T C/C ' reveals the high international diffusion of their articles (Cañas-Guerrero et al., 2013) . The only country that retained its position in these two categories was Germany in the 12 th position. Although the analysis of PBDEs may be insignificant in the list of scientific publications, it gives an idea of the competition between China and USA in scientific technologies globally. In general, other cutting-edge areas that have experienced significant expansion in China between 1996 and 2005 are nanotechnologies and energetic materials (Kostoff et al., 2007) . In comparison to the USA, the main focuses of articles from China were physical and engineering science while the USA dominated in the areas including psychological, medical and social sciences. A significant expansion has been noticed in China's publications between 1996 and 2005 (Kostoff et al., 2007 (Kostoff et al., , 2008 . Furthermore, following the approval of US$43 million for POPs project in some Asian countries by the global environment facility (IISD, 2013) , it is expected that more studies will be carried out in that part of the world, thereby increasing the number of publications. Other programs which will also foster the analysis of PBDEs in developing countries include the UN Development Programme on the reduction of PBDEs from bad management practice in Indonesia and UNIDO project for African country was included in this category (Table 3 ).
The dominance of Asia, European and America countries in these categories (Table   3 ) may also be attributed to the fact that these three continents lead in the usage of brominated flame retardants compared to other continents of the world (Table 4 ) (Law et al., 2006) . Besides, major companies producing brominated flame retardants are domiciled in these continents. These companies include Ethyl Corporation, now known as Albermarle Corporation based in the US, Great Lakes Chemical Corporation (US and United Kingdom), ICL-IP Europe BV previously known as Eurobrom KEMI, 1994) . Furthermore, global production of penta-, octa and deca BDE technical mixtures was estimated to be 4000, 6000 and 3000 metric tons/year respectively (Arias, 1992) . Usage of PBDEs in the European Union in 1999 was approximately 150 metric tons for penta formulations, 400 and 7000 metric tons for octa and deca BDE formulation respectively (De Poortere, 2000) .
Furthermore, Fig. 6 revealed the countries with the most collaboration networks on the analysis of PBDEs. China retained the top spot on the list of countries with the most collaboration network followed by the USA, Canada and Sweden. However, other countries with high collaborative strengths include Germany, Netherlands, Korea, Denmark, Spain, Belgium, Japan and France with pathways that ranged from 6 to 12 collaborations within countries. The only African country found in this category was South Africa with a single collaboration with Norway. In this collaboration, eggs samples from different species of birds were collected in South Africa, frozen at À20 C, wrapped in an aluminium foil and transported to Norway for GC-MS analysis (Polder et al., 2008) . The high number of research publications from European countries may be attributed to the existence of breast milk monitoring programs of POPs in countries like Sweden, Netherland and Germany (Hooper and McDonald, 2000) . Table 5 showed that most of the productive researchers on PBDEs analysis are domiciled in Asian countries as most authors' institutions are located in the People's Republic of China. This may be attributed to the fact that Asian countries lead in the global usage of brominated flame retardants and China specifically still produces and uses enormous quantities of commercial PBDEs (Chen et al., 2012) hence attracting more study by researchers within the country, compared to the EU and US where restrictions and regulations have been placed on the usage of PBDEs (penta-, octa-and deca-) in the early 2000s. In China, Electronic Information Products Pollution Control Measures is the only regulation related to PBDEs (Chen et al., 2012) with its stipulated limit of 1000 ppm PBDE content in electrical appliances. In addition to this regulation, China has joined the Stockholm Convention on POPs and in July 2007, the plan for the implementation of Stockholm Convention includes the phase-out of commercial penta-and octa-BDE before the end of the year 2030 (Wei et al., 2007; Ma et al., 2012; Wang et al., 2012 ).
Research evolution by institution
Wang, Y. affiliated with State Key Laboratory of Environmental Chemistry and Eco-
toxicology Beijing occupied the first spot with 54 articles. Another researcher from this institution was Jiang, G with a total article of 32 occupying the sixth position.
The only three non-Asians scientists which made it to the top twenty most productive researchers on PBDEs were Kannan K., Covaci, A., Bergamn, A from USA, Belgium and Sweden respectively. This shows that China is gradually gaining more ground in overtaken the world superpowers (US and EU) on the leadership of science and technology (Shelton and Foland, 2009) (Shi et al., 2005; Yang et al., 2013) . Locations in China that have received more attention on the analysis of PBDEs as pollutants include the Pearl River (Mai et al., 2005; Zhang et al., 2009; Chen et al., 2011) , Bohai Sea and Yellow Sea (Liu et al., 2011a, b) . More so, Mai. B, Chen. S, Zhang. X, and Luo. X stand out as the most cited authors on the analysis of PBDEs class of pollutants with a total citation of 1276, 1084, 1081, 970 respectively (Fig. 7) . Table 6 presents the most cited manuscript on the pollutants. From the result, an article published by Rudel et al. (2003) on analysis of POPs in indoor air and dust topped the ranking of the most cited study with an average total citation of 36 times per year. In this article, indoor air and dust samples from 120 homes were analysed for seven classes of POPs (alkylphenols & alkyl phenol ethoxylates, phthalates, parabens, polyaromatic hydrocarbons, PBDEs, pesticides and phenols). The sample matrices, the number of samples and varieties of POPs analysed may be responsible for the significant number of citation (540). Furthermore, 55% of the articles in the top 20 most cited manuscripts were financially supported by agencies and institutes. Most of the journals in the category were published by Environmental Science and Technology.
Production, technical use and recycling pathways of PBDEs in regions cited in bibliometric indices
Over the years, three congeners of PBDEs (penta-, octa-and deca-BDE) have been produced in developed regions of the world. However, there is paucity of information on the productions of these pollutant class in developing countries (BSEF, 2006) . Historical production of all PBDEs was estimated to be 1.3 million and 1.5 million tonnes from 1970 to 2005 according to data collated for POPs reviewing committee of the Stockholm Convention (UNEP, 2010) . Of all three congeners of PBDEs, commercial penta-BDE was produced in China, Japan, USA and EU. Its production was stopped in the EU in 2004. It is assumed that the production of this congener has declined in proportion since the beginning of the millennium (UNEP, 2010) . Also, commercial octa-BDE which was produced in the UK, Netherlands, Israel, France and Japan was stopped from production in the EU and USA in 2004. Deca-BDE, which was not initially included in the list of POPs recorded an estimated production of 1.1 million tonnes until 2005. While the production of other BDE congeners (octa-and penta-) ended in 2004, production of deca-BDE was still ongoing (Jinhui et al., 2017) . It was reported by the US Toxic Release Inventory that about 31 metric tons of deca-BDE is released to the air in 2003 (ACAP/AMAP, 2007). Some products (textiles, furniture's, electrical and electronic gadgets and building and construction materials) where these contaminants are used as flame retardants are exported out of the country as finish products while others remain in the country. However, due to confidentiality reasons, there are no existing data from the US on the imports and export products (ACAP/AMAP, 2007). Canada, a major recipient of this products estimated that about 6000 metric tons of deca-BDE could be imported as products from the US annually. More so, the consumption of BFRs (per capita basis) in USA and Canada is estimated to be 330 tons/ year/million inhabitants and 210 tons/year/million inhabitants respectively. The Scandinavian countries have lower usage of BFRs (de Wit et al., 2010) . Sweden have reported limited export and import of deca-BDE, also its usage has been restricted but other brominated flame retardants such as tetrabromobisphenol (TBBPA) is still in use for the production of electrical and electronic appliances. This means that Sweden still exports goods containing TBBPA (ACAP/AMAP, 2007) . Wide application on the use of PBDEs has been found in the electrical and electronic sectors especially in Asian countries. The demand for electronics has rapidly increased the consumption of PBDE in Asia countries. Furthermore, export of these products from developed countries in the name of "recycling" to developing countries, especially for South and East Asia (India, Pakistan and China) is a major pathway in which these chemicals get into the environment in these countries (Martin et al., 2004) . China, one the world largest manufacturers of electrical appliances incorporate a large amount of PBDEs to meet up with fire regulations. The annual demands of BFRs for products in China were estimated to be 7 Â 10 7 to 8.7 Â 10 7 kg in 2005e2010 (increasing rate e 7% to 8% per year) (Jiang, 2006) .
Apart from domestic production, a greater portion of e-waste is transported to China for recycling ). E-waste is among the fastest growing source of waste worldwide (Widmer et al., 2005; Lundgren, 2012; Grant et al., 2013) .
It was estimated by the United Nations Environmental Program (UNEP) that the amount of e-waste generated in 2012 alone is enough to fill up a hundred Empire state building, averaging to about 15 pounds (6.8 kg) per person (StEP Report, 2013) . In 2012, the United State and China reportedly generates about 10 million tons and 11.1 million tons of e-waste respectively (StEP Report, 2013) . This implies that each American generates about 29.5 kg of e-waste which is less than 5 kg per person in China. The large amount of e-waste generated globally is problematic but more concerning is the adverse effect of these waste to humans and animals. It was reported that about 145 million tonnes of imported e-waste which contains about 2.61 Â 10 8 kg PBDEs were recycled in South China in 2002 (Martin et al., 2004) . During the recycling process, PBDEs in these products may be released and be accumulated in living tissues of animals and humans. In a study carried out by Yuan et al. (2008) , Chinese waste workers recorded higher levels of serum PBDEs and thyrotropic hormone compared to levels found in the control groups.
Hence, the increased exposure of these pollutants form e-waste recycling may hinder the activities of the thyroid hormones thereby bringing about other adverse health effects. PBDE enhanced acrylonitrile butadiene styrene polymers was predominantly used in casing of electrical and electronic equipment (EEE), particularly for photocopying machines, TV and computer monitors as well as other business printing machines. Disposal of waste generated from electrical and electronic equipment has been a major call for concern in developing countries (UNEP, 2006) . The technology used for the management and disposal of e-waste is still poorly developed (Osibanjo and Nnorom, 2007) . Developing countries in Africa such as Nigeria and Ghana as well as transition country like South Africa which are recipients of EEE products from developed countries currently experience low-end management activities of e-waste and this is a great call for concern, taking cognisance of the fact that hazardous chemicals like PBDEs are released into the environment (Ahn et al., 2006; Wang et al., 2007; Luo et al., 2009; Akortia et al., 2016) . The main source of exposure of PBDEs to the environment is when products containing these pollutants are incinerated, disposed on a dumpsite or used as landfills ). Other industries which have to implore its usage are the textiles industries, transportation industries, furniture and carpet industries as well as the recycling industries (SSC et al., 2012) . It is estimated that about 90e95% of commercial penta-BDE was used in the treatment of polyurethane foams (Vyzinkarova and Brunner, 2013) majorly for furniture and automotive applications (European Chemicals Bureau, 2000; Sj€ odin et al., 2003) .
Conclusions
This bibliometric study presents a great involvement on the analysis of this class of pollutants in various environmental and biological matrices around the world.
The dominance of research activities on this class of pollutants by China and USA across all indices (authors, centres, and countries) gives an idea of the competition between these two countries on becoming the world power in scientific publication. The results reveals that European countries are lagging behind
China and USA across all indices in the analysis of PBDEs. In addition, lack of funds, sophisticated analytical tools, international collaboration and awareness may be the factors responsible for deficiencies in studies on the analysis of PBDEs in developing countries especially in Africa. Hence more studies should be carried out in Africa and European environment in order to counterbalance the dominance of the US and China, bearing in mind that these pollutants takes several years to phase out of the eco-system.
It is further recommended that other organic pollutants that are of environmental and human concern should attract further bibliometric studies; this will assist the government in formulating policies around organic pollutants especially in countries where these pollutants have been extensively used in the past. This will also assist researchers in streamlining their choice of journals and afford them an idea on which to read and where to publish their articles.
Several limitations are associated with our study, in terms of data collection and interpretation. In this study, we used the WoS database to identify journals that are related to this pollutant class. However, articles published in non-WoS-cited journals were not included in this study despite the fact that their content also reflects scientific productivity. This situation is unique to regions with authors who are not English speakers, where researchers publish their findings in local/regional journals of their own language (Rosmarakis et al., 2005) . Secondly, not all research on the analysis of this pollutant class is published. The counts of journals do not depict quality. Hence bibliometric tool does not provide subjective criticism in journals analysing these pollutant class particularly in terms of data collection, methodology, result, discussion and conclusions. The third limitation is related to the database used for this study. The WoS whose database has been operational for several decades undergoes some changes over the years especially in the expansion of journal coverage (Bornmann and Mutz, 2015) . As this study is majorly based on the analysis of PBDEs in published articles, we assume that a change of database does not alter our search results.
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